Louisiana State University

LSU Digital Commons
LSU Master's Theses

Graduate School

November 2019

Evaluation of the Rheological Behaviors and Molecular
Composition properties of Crumb Rubber Modified Emulsion for
Chip Seal
Md Tanvir Ahmed Sarkar
Louisiana State University and Agricultural and Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
Part of the Civil Engineering Commons, and the Transportation Engineering Commons

Recommended Citation
Sarkar, Md Tanvir Ahmed, "Evaluation of the Rheological Behaviors and Molecular Composition properties
of Crumb Rubber Modified Emulsion for Chip Seal" (2019). LSU Master's Theses. 5027.
https://digitalcommons.lsu.edu/gradschool_theses/5027

This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has
been accepted for inclusion in LSU Master's Theses by an authorized graduate school editor of LSU Digital
Commons. For more information, please contact gradetd@lsu.edu.

EVALUATION OF THE RHEOLOGICAL BEHAVIORS AND
MOLECULAR COMPOSITION PROPERTIES OF CRUMB
RUBBER MODIFIED EMULSION FOR CHIP SEAL

A Thesis
Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Master of Science in Civil Engineering
in
The Department of Civil and Environmental Engineering

by
Md Tanvir Ahmed Sarkar
B.Sc., Islamic University of Technology (IUT), 2014
December 2019

To my sister Ruba,Imu, and Bristy for their continious support and care
To my parents for every sacrifices they have made for me…
And,
To my late friend and brother “Firoz” for all the good memories. I will cherish every moment
that we spent together. May Allah give you Jannah brother.

ii

ACKNOWLEDGMENTS
First and foremost, thanks to almighty Allah (SWT) for giving me the strength and ability to
complete my master’s thesis. I would like to thank all my friends, well-wishers, mentors, family
members, friends and relatives for their constant inspiration and motivation since my childhood.
My wholehearted gratitude goes to my supervisor and mentor Dr. Mostafa Elseifi whose
consistent guidance, encouragement, and financial support helped to continue my Master’s study
and enabled me to carry out funded research project. I could not have imagined having a better
supervisor for my Master’s study. Besides my advisor, I would like to thank my graduate degree
committee members Dr. Chester Wilmot and Dr. Shengli Chen for their helpful suggestions and
patience regarding various step towards thesis defense.
I am personally thankful to Jeremy and Kristy from the LTRC for their help in the
laboratory. Apart from them, I am thankful to my colleagues and brothers from our research
group Zobair, Zihan, Nirmal, Nafiur, Momen, Hossam, and Ye Ma. Finally, I would like to
mention some name without whom it would have been impossible for me to survive here, let
alone completing any degree. They never showed their back whenever I needed them. I am
greatly indebted to Asif, Ragib, Anowar, Faiaz, Ipshit- the world, Emti, Abid, Ratul, Ashraf,
Mahdi, Orny, Shamim, Mithila, Tonmoy, Abir, Kifayath, Abdullah, Zahid, Shohel, Imdad, Hye,
Arif, Nafis, Saadi and many more great people who are close to my heart.

iii

TABLE OF CONTENTS
ACKNOWLEDGMENTS ............................................................................................................. iii
LIST OF TABLES .......................................................................................................................... v
LIST OF FIGURES ....................................................................................................................... vi
ABSTRACT.................................................................................................................................. vii
INTRODUCTION ................................................................................................... 1
Problem Statement ........................................................................................................4
Research Objectives ......................................................................................................4
Research Approach .......................................................................................................5
Organization of the Thesis ............................................................................................9
LITERATURE REVIEW ...................................................................................... 11
Chip Seal .....................................................................................................................11
Components of Chip Seal ...........................................................................................12
Emulsions....................................................................................................................22
Emulsion testing..........................................................................................................29
Specifications for Chip Seal Binders and Emulsions .................................................32
EXPERIMENTAL PROGRAM ............................................................................ 38
Materials .....................................................................................................................38
Production process of tire rubber modified asphalt emulsion ....................................38
Viscosity and Residual tests of Emulsified Asphalts ..................................................39
Residue recovery of the emulsions and aging.............................................................40
Test methods ...............................................................................................................41
RESULTS AND ANALYSIS................................................................................ 49
Viscosity and Residual test results ..............................................................................49
Performance Grade and Surface Performance Grade test ...........................................49
Multiple Stress Creep Recovery (MSCR) Test ...........................................................51
Fourier Transform Infrared Spectroscopy (FT-IR) Test .............................................52
High-Pressure Gel Permeation Chromatography (HP-GPC) Test ..............................57
Saturates, Asphaltenes, Resins, and Aromatics (SARA) Analysis .............................58
Bitumen Bond Strength (BBS) Test ...........................................................................60
SUMMARY AND CONCLUSIONS .................................................................... 63
RECOMMENDATIONS .............................................................................................................. 65
REFERENCES ............................................................................................................................. 66
VITA ............................................................................................................................................. 75
iv

LIST OF TABLES
Table 1.1. Description of Test Materials ........................................................................................ 8
Table 2.1. LaDOTD Binder requirements for Chip Seal (Cold Application) ............................... 14
Table 2.2. LaDOTD Binder requirements for Chip Seal (Hot Application) ................................ 15
Table 2.3. Aggregate gradation for chip seal projects .................................................................. 18
Table 2.4. Requirements for L.A. Abrasion and Micro-Deval Loss............................................. 20
Table 2.5. Asphalt Emulsifier’s head group and their charge....................................................... 26
Table 2.6. Standard specifications for CRS-2P by LaDOTD ....................................................... 30
Table 2.7. Standard specifications for CRS-2TR by TxDOT ....................................................... 31
Table 2.8. Performance Graded Specification .............................................................................. 33
Table 2.9. Surface performance Grade (SPG) Specification ........................................................ 34
Table 2.10. Performance Related Specification for Chip seals .................................................... 36
Table 2.11. EPG Specifications for Chip Seals ............................................................................ 37
Table 3.1. List of Materials used in this study .............................................................................. 38
Table 3.2. Definitions of FTIR-based indices ............................................................................... 44
Table 4.1. Characterization of the asphalt emulsions ................................................................... 49
Table 4.2. PG and SPG test results ............................................................................................... 51
Table 4.3. MSCR test results for binders at 58°C ......................................................................... 52
Table 4.4. Functional indices of the evaluated binders under different aging conditions. ........... 54
Table 4.5. Iatroscan SARA fraction analysis and colloidal index of the asphalt binders ............. 59

v

LIST OF FIGURES
Figure 1.1. Current condition of Louisiana’s major urban road and highway pavements.............. 1
Figure 1.2. General layout of the research approach ...................................................................... 6
Figure 2.1. Construction of chip seal (left); Picture after completion (right) ............................... 11
Figure 2.2. Sources of charge on emulsion ................................................................................... 26
Figure 3.1. (a) Distillation test (b) Saybolt Furol Viscosity test ................................................... 40
Figure 3.2. Dynamic Shear Rheometer (DSR) test; (a) Sample trimming (b) DSR machine ...... 41
Figure 3.3. Bending Beam Rheometer (BBR) test; (a) Mold preparation (b) BBR machine ....... 42
Figure 3.4. SARA analysis using Latroscan Hydrocarbon Analyzer ........................................... 45
Figure 3.5. BBS test; (a) Test setup (b) Components of the piston .............................................. 47
Figure 4.1. FTIR spectra of all the binders under different aging condition ................................ 54
Figure 4.2. Growth of carbonyl and sulfoxide index for the studied binders ............................... 56
Figure 4.3. Molecular fractional distribution for binders under different aging condition........... 57
Figure 4.4. Colloidal instability of asphalt binders with aging ..................................................... 60
Figure 4.5. Pull-off tensile strength test under dry and wet conditions ........................................ 61
Figure 4.6. Loss of bond strength expressed by ratio (POTSdry-POTSwet)/POTSdry. .................... 62

vi

ABSTRACT
An experimental study was conducted to characterize the chemical, molecular, and rheological
properties of different asphalt emulsions including a newly introduced tire rubber modified
asphalt emulsion. One tire rubber modified asphalt emulsion (CRS-2TR), two conventional
emulsions (CRS-2 and CRS-2P), and one asphalt rubber binder (AC20-5TR) were evaluated.
The differences in functional groups, chemical composition, and molecular weight distribution of
the asphalt binder and emulsions under different aging conditions (Original, RTFO-aged, and
PAV-aged) were evaluated by the Saturates, Aromatics, Resins and Asphaltenes (SARA)
fractionation test, High-Pressure Gel Permeation Chromatography (HP-GPC), and Fourier
Transform Infrared Spectroscopy (FTIR) test, respectively. Superpave Performance Grade (PG),
Surface Performance Grade (SPG) and the Multiple Stress Creep Recovery (MSCR) test were
also conducted to evaluate the rheological properties and rutting susceptibility of the binder
residues.
Chemical and molecular characterization test results indicated that the tire rubber
modified emulsion (CRS-2TR) had lower carbonyl indices (Ic=o) and colloidal instability indices
(Ic) as compared to the conventional emulsions, indicating higher resistance to aging. Similar
High-Molecular Weight (HMW) content compared to that of conventional asphalt emulsions was
observed for CRS-2TR, indicating similar susceptibility to brittleness with age. On the other
hand, rheological investigation results showed that the performance of CRS-2TR may be
comparable with CRS-2P and is expected to perform better than CRS-2 against rutting, fatigue
cracking, and thermal cracking. In addition, moisture susceptibility of the binder residues from
the Bitumen Bond Strength (BBS) test showed that CRS-2TR had higher pull-off tensile strength

vii

in both dry and wet conditions as compared to CRS-2 and had statistically equivalent
performance results as compared to CRS-2P.

viii

INTRODUCTION
Increasing traffic, extreme weather conditions, rising construction costs, and years of misuse and
overuse are jeopardizing America’s public highway system worth of $1.75 trillion (1). In 2010,
about one-third of the country’s major roads need repair and maintenance (2). Figure 1.1 presents
the current condition of Louisiana’s major urban roads and highway infrastructure (locally and
state-maintained).

22%

Poor
39%

Mediocre
Fair

14%

Good
25%

Figure 1.1. Current condition of Louisiana’s major urban road and highway pavements (3)
As shown in Figure 1.1, 39% major urban roads and highway pavements of Louisiana are in poor
conditions while only 22% are in good conditions and the remaining are in mediocre and fair
conditions (3). While the demands of the highway network are increasing in the United States,
the resources to maintain and preserve it are decreasing (4). In this tight budget environment,
pavement preservation is the only economical way for highway agencies to address pavement
needs. As a result, pavement maintenance and rehabilitation activities have received increased
interests in recent years as compared to the design and construction of new pavements. A
growing number of agencies including the Louisiana Department of Transportation and
1

Development (LaDOTD) focus more on their maintenance programs as these timely
maintenance activities arrest initial deteriorations, reduce the rate of deterioration, and defer
costly rehabilitation activities (5). Preservation techniques such as thin overlays and resurfacing
are commonly used to treat pavements with age-related distresses (6).
Chip seal, also known as seal coat or Asphalt Surface Treatment (AST), has been used on
relatively low traffic roadways for more than 50-years in the United States because of its low
initial cost compared to asphalt concrete (AC) overlays (7). Chip seal is constructed by spraying
a thin layer of emulsion on the existing roadway surface followed by the application of a layer of
aggregate (8). Chip seals are expected to improve skid resistance, eliminate raveling, reduce the
permeability, and retard oxidation (10). Bleeding and early loss of aggregate are the most
commonly observed distresses associated with chip seal treatment. Increased traffic noise and
excessive surface roughness are also found to be functional limitations of chip seal treatment.
Approximately 300 million of scrap tires are produced in the US each year, of which 43%
are used as fuel source, 26% are ground into crumb rubber, 13% are discarded in landfills, and
5.5% are used in other civil engineering applications (11). The disposal of scrap tires in landfills
can release hazardous substances into the air and create many environmental problems.
Additionally, dumping scraped tires in landfills is costly and is a waste of valuable resources and
land spaces. Due to the detrimental effects of scrap tires on public health (fire disaster, bacteria
breeding) and environment, it is imperative to explore alternative uses for scrap tires.
Scrap tires are currently used as modifiers in asphalt paving mixtures, additive to Portland
cement concrete (PCC), lightweight fillers, crash barriers, and artificial reefs (12). However, the
most common application of scrap tires is in the form of crumb rubber being used as a modifier
in asphalt paving mixtures. A comprehensive review of the use of scrap tire rubber products in
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highways was presented in NCHRP document “Synthesis of Highway Practice 198 – Uses of
Recycled Rubber Tires in Highways” (13).
Crumb rubber has also been successfully used as an aggregate in concrete and masonry
construction (14-15). Yet, its use has been limited in concrete compared to its applications in
asphalt mixtures due to the hydrophobic nature of rubber (16, 17). Several studies have been
conducted on using rubber as both fine and coarse aggregate in PCC (17-19). The addition of
rubber aggregate in concrete mixtures was found to reduce the compressive strength and tensile
strength of concrete (16-17). However, it effectively enhanced the toughness and shock
absorbing capacity of concrete, increased ductility and prevention of brittle failure, improved
freeze and thaw resistance, increased workability, and reduced unit weight of concrete (17-21).
Gheni et al. studied the performance of chip seal using crumb rubber as aggregate (22).
Due to its low specific gravity and rough surface, the crumb rubber aggregate showed promising
results in enhancing the aggregate retention performance of chip seal. Both macrotexture and
microtexture of chip seal were improved. An environmental impact study also revealed that the
construction of this new kind of chip seal does not present any concerns to the environment (22).
Asphalt rubber chip sealing had been used by many state agencies such as California,
Arizona, and Florida (23). The physical and rheological properties of hot applied asphalt rubber
binder has been studied by several researchers (24, 25,101,102). Absorption of crumb rubber into
the base asphalt due to modification has been found to provide improved viscosity, rheological
and physical properties to tire rubber modified binder, resulting in numerous advantages such as
increased resistance to reflective cracking, improved durability, and reduced susceptibility to
rutting (26).
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PROBLEM STATEMENT
There are some limitations in using asphalt rubber binder in chip seal given its high
viscosity, poor workability, and storage instability. Asphalt rubber binder cannot be stored over a
long period and requires high storing temperature after production for easy handling and
operation. Maintaining full interaction between rubber and asphalt requires continuous agitation
to the blend (27-29). At the time of application, asphalt rubber binder must be preheated to 385
to 415°F as it is stiffer than conventional asphalt binder (30). To this end, several states are
showing reluctance in using asphalt rubber binder in their pavement maintenance program as it
requires high temperature in handling during construction and poses certain risks for worker’s
safety. In addition, the mobilization cost for asphalt rubber production equipment is not feasible
to some extent as such equipment may not be available in remote areas. Many studies suggest
that the cost of asphalt rubber binder itself is 2-3 times higher than the conventional binders (31).
However, these studies did not consider the life cycle cost of asphalt rubber and only used a
small quantity in the construction of test sections, which contributed to their higher cost. Apart
from the above limitations, strong distinctive odors from the asphalt rubber binder production
and application site also raises some environmental concerns.

RESEARCH OBJECTIVES
As a potential solution, using crumb rubber modified emulsion can be a promising
alternative as it does not require any additional heat and can be applied at the same temperature
(typically between 60 to 70°C) as regular emulsion products and does not require any additional
equipment or equipment modification. Another advantage of using rubberized emulsion can be
reduced atmospheric pollution as the emissions from asphalt emulsion is almost zero.
4

Nevertheless, there have been no research on chip seal performance using crumb rubber
modified emulsion. In addition, it is important to evaluate the rheological and chemical
properties of the newly introduced tire rubber modified asphalt emulsion and its comparison to
conventional emulsion products used in chip sealing.
Therefore, this research aims to evaluate the rheological behaviors and molecular fractional
composition of tire rubber modified emulsion and its application in chip sealing for hot and
humid operating condition that are prevalent in the state of Louisiana. The primary objectives of
the study are the following:
•

To investigate the rheological characteristics of the newly introduced tire rubber modified
asphalt emulsion and to compare its behavior to the commonly used emulsions in asphalt
surface treatments (ASTs) in the state of Louisiana;

•

To characterize the chemical and molecular properties of crumb rubber modified asphalt
emulsions;

•

To evaluate the laboratory performance of crumb tire rubber modified emulsion against
rutting, fatigue cracking, and thermal cracking.

•

To investigate the moisture susceptibility of tire rubber modified emulsion and compare it
with other conventional emulsions.

RESEARCH APPROACH
The general research approach to fulfill the objectives of this study is presented in Figure 1.2.
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Task 1: Literature
Review

Task 2: Development of
Experimental program

Task 3: Rheological
Evaluation and
Performance Testing

PG and SPG
test

Task 4: Chemical and
molecular characteristics of
asphalt emulsions

Task 5: Moisture
susceptibility of the
asphalt emulsions and
binder

FT-IR test

HP-GPC test
MSCR test

SARA test

Results analysis

Task 6:
Conclusions

Task 6:
Recommendations

Figure 1.2. General layout of the research approach
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BBS test

The following tasks were conducted as part of the research activities that were proposed
in this study.
1.3.1. Task 1: Literature Review
A comprehensive literature review was conducted to review the following topics:
(1) Chip seal materials;
(2) Advancements in chip seal;
(3) Current state practices and specifications of chip seal emulsions and aggregates;
(4) Performance related specifications for chip seal emulsions;
(5) Chip seal design, materials selection, and construction process;
(6) Most common chip seal distresses;
(7) Studies on chip seal and rubberized chip seal; and
(8) Studies on commonly used chip seal emulsions.
1.3.2. Task 2: Development of Experimental program
An experimental program was developed to evaluate the laboratory characteristics of the newly
introduced tire rubber modified asphalt emulsion (CRS-2TR). Three conventional emulsified
asphalt emulsions and binder used in chip sealing (CRS-2, CRS-2P, and AC20-5TR) were
considered for comparison purposes (See Table 1.1.) The experimental plan investigated the
rheological, chemical, molecular characteristics of asphalt emulsions and their resistance to
different types of distresses.
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1.3.3. Task 3: Rheological Evaluation and Performance Testing
Performance Grading (PG) test and Surface Performance Grading (SPG) were carried out to
investigate the effect of crumb rubber on the rheological properties of the base binder and to
assess its ability to meet performance-related specifications for chip seal emulsions. Additional
tests such as Multiple Stress Creep Recovery (MSCR) was also carried out to evaluate the
resistance of crumb rubber modified emulsion against rutting. The same tests were carried out on
selected binder and emulsions in this study to assess the expected performance in the field and
for comparison purposes.
Table 1.1. Description of Test Materials
Emulsion Name

Description

CRS-2TR

Tire rubber modified asphalt emulsion

CRS-2
CRS-2P
AC20-5TR

Cationic rapid setting asphalt emulsion
without any polymer
Polymer modified asphalt emulsion
(Polymerized version of CRS-2)
AC20 asphalt cement with 5% tire rubber
content

1.3.4. Task 4: Chemical and molecular characteristics of asphalt emulsions
Laboratory test methods were conducted to investigate the chemical and molecular
properties of the emulsion residues and binders. High Pressure Gel Permeation Chromatography
(HP-GPC) tests were performed on the original, short-time aged, and long-term aged asphalt
binder and residual asphalt samples to evaluate the distribution of different asphaltic components
based on their molecular weight. Fourier Transform Infrared Spectroscopy (FTIR) tests was also
performed on the samples to identify the structural and functional groups. Additionally,
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Saturates, Aromatics, Resins, Asphaltenes (SARA) analysis was conducted on the Original,
Rolling Thin-Film Oven (RTFO) aged, and Rolling Thin-Film Oven (RTFO) + Pressure Aging
Vessel (PAV) aged emulsion residues and binder samples to categorize the components
according to their polarizability and polarity, and to better understand the molecular
characteristics of chip seal emulsions.
1.3.5. Task 5: Moisture susceptibility of the asphalt emulsions and binder
Bitumen Bond Strength (BBS) test was conducted to measure pull-off tensile strength of the
emulsion residues and binder under dry and wet condition and evaluate their moisture
susceptibility.
1.3.6. Task 6: Conclusion and Recommendation
At the end of the study, findings were summarized, conclusions were drawn, and
recommendations were provided for chip seal binder selection and best practice to achieve
desirable field performance.

ORGANIZATION OF THE THESIS
This thesis consists of five chapters. Chapter 1: INTRODUCTION describes the
background, research needs, and objectives of this study. It also presents the required tasks to
achieve the study objectives. The existing literature related to chip seal, asphalt emulsions, and
standard specifications for chip seal binders and emulsions in Louisiana was summarized in
Chapter 2: LITERATURE REVIEW. In Chapter 3: METHODOLOGY, the experimental plan
and the test procedures to achieve the objectives of this study are presented. Chapter 4:
ANALYSIS AND RESULTS presents the results and findings from the rheological, chemical,
9

molecular, and physical characterization of asphalt binder and emulsions. Finally, Chapter 5:
SUMMARY AND CONCLUSIONS provides the summary of the study and offers conclusions.
Additionally, recommendations were made for further research.
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LITERATURE REVIEW
CHIP SEAL
Chip seal is defined as the spraying of asphalt binder or emulsion over the surface of an
existing pavement followed by the application of one layer of aggregate. A pneumatic roller is
rolled over the aggregate layer to achieve the required embedment (typically 50 to 70%) with the
binder (32). Loose aggregates are swept away when the bond between binder and aggregates
achieve enough strength. The role of the asphalt binder is to provide good bonding between the
aggregate particles and to provide a waterproof seal, whereas the role of the aggregate is to
provide good skid resistance and prevent asphalt layer damage (33-34). Depending on the type of
distress and traffic condition, the type of aggregate and binder varies (35). Chip seal treatment
provides a new wearing surface to the existing pavements, prevents water from entering into the
base and subgrade, retards oxidation, eliminates raveling, improves skid resistance, and seals
cracks; hence delays the need for major maintenance activities (34).

Figure 2.1. Construction of chip seal (left); Picture after completion (right) (10)
In the past, chip seal had been used successfully in low volume roads, but it has not been
extensively used for high volume roads in the US because of vehicle damage due to flying chips,
11

excessive noise, and relatively short life expectancy; yet, several States are using chip seal for
traffic volume greater than 5,000 vehicles/lane/day (38-39).

COMPONENTS OF CHIP SEAL
2.2.1. Asphalt Binder or Emulsions
Factors such as traffic level, weather condition, compatibility with aggregate, pavement
surface temperature, and experience commonly govern the selection of asphalt binder (40-41).
Selected binder needs to have good adhesion properties to keep the aggregate glued to the
pavement surface. Chip seal binders should have good adhesion capability, should have enough
fluidity so that it can be sprayed uniformly to cover the pavement surface but viscous enough to
stay in a uniform layer, and should not cause any bleeding or stripping under changing climatic
conditions and traffic (34). Although most of the chip seal projects in the U.S. are carried out
using either asphalt emulsion or asphalt cement, other asphaltic materials such as polymer
modified emulsion, asphalt rubber binder, high float emulsion are also used by some agencies
(36, 42).
Asphalt cement sets faster and as a result, the traffic can be opened early, but it requires
more rolling energy, high application temperatures, and shows higher sensitivity to the moisture
in aggregate (34). Usually asphalt cement including AC 10, AC 20, AC 15-P, and AC 15-5TR
are used in hot applied chip seals. On the other hand, asphalt emulsion has many advantages such
as improved early aggregate retention, lower application temperature, low cost, and safer
conditions for field personnel (33, 34, 42). The main deference between asphalt emulsion and
asphalt cement is the water content and the emulsifying agent, which retains the fluidity of the

12

emulsion. The emulsifying agent used in the asphalt emulsion imparts charges (positive or
negative depending on the emulsifying agent) to asphalt elements (33-34).
CRS-2P (a polymerized emulsion) is the most commonly used emulsion type in chip seal,
followed by CRS-2 (34, 43). Polymer-modified emulsions are usually applied at a rate from 0.25
to 0.40 gal/yd2 (35). Louisiana DOT commonly uses CRS-2P for asphalt surface treatment (chip
seal) application. Table 2.1 and 2.2 lists the binder requirements for chip seal as per the
Louisiana Standard Specifications for Roads and Bridges section 507 for cold and hot
applications, respectively (9).
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Table 2.1. LaDOTD Binder requirements for Chip Seal (Cold Application) (9)
Asphalt Surface Treatment (AST)
Course
No.

Aggregate
Agg. Friction
Rating
Asphalt
Emulsion
Application
Temp.
Minimum
Maximum
Number of
Applications
Asphalt
Emulsion
Application
Rates Per
Course
Aggregate size
and
Application
Rates Per
Course

TYPE A

TYPE B

TYPE C

TYPE D

TYPE E
(Int. layer)

Lightweight, Crushed
Stone

Lightweight, Crushed
Stone

Lightweight,
Crushed
Stone

Lightweight, Crushed Stone,
Crushed Gravel

Crushed
Stone,
Crushed
Gravel

I, II

I, II, III

I, II, III

I, II, III, IV

I, II, III, IV

CRS-2P

CRS-2P

CRS-2P

CRS-2P

CRS-2P

160F
175F

160F
175F

160F
175F

160F
175F

160F
175F

2

1

2

1

1

3

2

1

2

1
2
3

0.39
0.29
—

0.41
—
—

0.39
0.29
—

0.31
—
—

0.41
—
—

0.46
0.36
0.26

0.39
0.29
—

0.31
—
—

0.39
0.29
—

1
2
3

S2-0.0111
S3-0.0075
—

S2-0.0111
—
—

S2-0.0111
S3-0.0075
—

S3-0.0075
—
—

S2-0.0111
—
—

S1-0.0200
S2-0.0111
S3-0.0075

S2-0.0111
S3-0.0075
—

S3-0.0075
—
—

S2-0.0111
S3-0.0075
—
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Table 2.2. LaDOTD Binder requirements for Chip Seal (Hot Application) (9)
Asphalt Surface Treatment (AST)

Course
No.

Aggregate
Agg. Friction
Rating
Asphalt
Cement
Application
Temp.
Minimum
Maximum
Number of
Applications
Asphalt
Cement
Application
Rates Per
Course
Aggregate size
and
Application
Rates Per
Course

TYPE A

TYPE B

TYPE C

TYPE D

TYPE E
(Int. layer)

Lightweight, Crushed
Stone

Lightweight, Crushed
Stone

Lightweight,
Crushed
Stone

Lightweight, Crushed Stone,
Crushed Gravel

Crushed
Stone,
Crushed
Gravel

I, II

I, II, III

I, II, III

I, II, III, IV

I, II, III, IV

PAC-15

PAC-15

PAC-15

PAC-15

PAC-15

300F
360F

300F
360F

300F
360F

300F
360F

300F
360F

2

1

2

1

1

3

2

1

2

1
2
3

0.30
0.23
—

0.31
—
—

0.30
0.23
—

0.24
—
—

0.31
—
—

0.36
0.28
0.20

0.30
0.23
—

0.24
—
—

0.30
0.23
—

1
2
3

S2-0.0111
S3-0.0075
—

S2-0.0111
—
—

S2-0.0111
S3-0.0075
—

S3-0.0075
—
—

S2-0.0111
—
—

S1-0.0200
S2-0.0111
S3-0.0075

S2-0.0111
S3-0.0075
—

S3-0.0075
—
—

S2-0.0111
S3-0.0075
—
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Other types of frequently used binders include rejuvenating emulsion and asphalt rubber
binder. Rejuvenating emulsions are used to add durability, toughness, and to rejuvenate the aged
pavement surface. They can render the existing asphalt pavement surface soft and penetrable.
Rejuvenating emulsions are produced by adding rejuvenating oils or polymers to an emulsion
(35). Asphalt rubber binder has a long history of use in highway applications. It is the resultant
binder from the blending of asphalt and crumb rubber, which acts as an elastomer (44). Asphalt
rubber binder has been used as a stress-absorbing membrane (SAM) in surface treatment
activities (45). They are sprayed at high temperature and necessitate hot pre-coated aggregate
with asphalt (35). Arizona, California, and Texas are commonly using asphalt rubber binders for
preventive maintenance and for structural and non-structural overlays (45-46). Asphalt rubber
binders are found to be effective at diminishing reflective cracking, reducing aggregate loss, and
noise reduction (44).
2.2.2. Aggregate
Ensuring the selection of high-quality aggregate is critical for the success of a chip seal
program (34). The type of chip seal, binder type, and construction procedures in a chip seal
project affect the selection of the aggregate (34, 42). Compatibility between the charges of
aggregate and emulsion used is an important factor in the development of acceptable bonding
between the components of chip seal (34-35). Factors such as the condition of the existing
pavement, volume of traffic, climatic conditions, cost and the availability of the aggregate also
play a significant role in selecting an appropriate type of aggregate for a chip seal application
(35). According to the California Department of Transportation, the selected aggregate for chip-

16

sealing should be clean and dust free, one sized, cubical shaped, compatible with the selected
binder type, and must be dry when use with hot binders and damp when use with emulsion (35).
The gradation of the aggregate should also be taken under consideration in order to
achieve adequate performance. It plays a key role in the construction and design process of chip
seal (34, 47). Graded aggregate has less air voids, which can increase the chance of bleeding, as
there will be less space for the binder in between the aggregate (48).
Generally, one sized aggregate is the most desirable and ideal type of aggregates for chip
seal construction, which may not always be practically available (34, 48). Those materials that
are retained on two consecutive sieve sizes are considered one-sized (47). Uniformly graded
aggregate give better performance in terms of aggregate retention, surface friction, and drainage
capabilities of the chip seal as they provide a constant embedment (49). Lee and Kim introduced
a performance uniformity coefficient (PUC) to estimate the allowable limit for particle sizes for
resistance against bleeding and aggregate loss (50). The PUC is calculated as follows:
PUC = PEM ∕ P2EM

(1)

where,
PEM = Percent passing at a given embedment depth in a sieve analysis curve, which indicates
bleeding potential of chip seal;
P2EM = Percent passing of the aggregates at twice the embedment depth in a sieve analysis curve,
which represents the raveling potential of chip seal.

The aggregate becomes more uniformly graded as the PUC value moves towards zero. To
make sure that each aggregate is contributing to the chip seal performance, it is important to use
uniformly graded aggregate. Using well-graded aggregate in chip seal may save cost; however,
poor aggregate retention and a shorter service life is expected. A coefficient of uniformity, Cu
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value less than 4.0 is recommended by NCHRP Report 680 for uniformly graded aggregate (47).
According to Louisiana DOTD, chip seal projects should comply with the gradation of aggregate
presented in Table 2.3 (9).
Table 2.3. Aggregate gradation for chip seal projects (9)
Sieve

Size 1

U. S.

Metric

Slag or Stone
Aggregate
(Size No. 5)

1 1/2 inch
1 inch
3/4 inch
1/2 inch
3/8 inch
No. 4
No. 8
No. 200

37.5 mm
25.0 mm
19.0 mm
12.5 mm
9.5 mm
4.75 mm
2.36 mm
75 μm

100
90-100
20-55
0-10
0-5
—
—
0-1

Size 1A

Size 2

Size 3

Crushed Gravel
or Lightweight
Aggregate

Slag or
Stone
Aggregate

All
Aggregate

All
Aggregate

100
95-100
60-90
—
0-15
0-5
—
0-1

100
100
85-100
25-40
5-15
—
—
0-1

—
—
100
95-100
60- 80
0-5
0-2
—

—
—
—
100
95-100
20-50
0-2
—

Depending on the size of the aggregate, the binder application rates would vary (34, 42).
Using large size aggregate would increase the thickness of the binder layer, which in turn will
enhance the performance of chip seal (34). Although large sized aggregates are more durable and
are not sensitive to small variation in the binder application rate compared to smaller aggregate,
it poses the possibility of causing insufficient embedment, which can increase the tire/pavement
noise emission and vehicle damage due to aggregate dislodgment from the pavement (48). Chip
seal with small-sized aggregates are susceptible to bleeding (50). Aggregate size is selected
based on traffic volume and surface condition and the type of chip seal. Most agencies use 3/8 in.
(10 mm) sized aggregate in single chip seal application whereas ½ in. (12.5 mm) aggregates are
used in double chip seal construction (34).
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Dusty aggregate surface will prevent the binder from forming a good bond with the
aggregate by acting as a barrier and as a result can cause aggregate dislodgment from chip seal
when opened to traffic (33, 34, 42). The percentage of fine materials that passes through the No.
200 sieve can be defined as dust (34). NCHRP Report 680 recommends that the percentage of
dust content to be 1% or less although some asphalt emulsions can coat dusty aggregates (47).
Typically, most agencies allow a maximum of 2% of dust (34).
Aggregate shape is usually categorized based on angularity (34). It is an important factor
that affects the performance of chip seal. Angular particle has better interlocking ability and
greater resistance to dislodgment. Points of contact and amount of interlock in a chip seal
aggregate surface increases with the amount of angularity (47, 48). The resistance to
dislodgement of particles, vehicle damage, and flushing increase with the amount of interlocking
of the chip seal aggregate (47).
Cubical shape is the ideal shape for aggregates in chip seal and surface treatments as they
are more stable, have better interlocking ability, can provide better retention for a long time, do
not reorient under heavy traffic, and are less likely to cause bleeding (34). Round aggregates
have low percent fracture and are more susceptible to rolling and displacement by traffic than
angular aggregates (48). In case of high traffic volume road, a greater percentage of
mechanically fractured particles are required (47). Australian chip sealing projects requires 75%
of the aggregate to have at least two fractured faces (44).
The flakiness index test is used to quantify the flat particles (33). A higher flakiness index
indicates flaky or elongated shape whereas lower flakiness index indicates cubical shape. Due to
heavy traffic, aggregates with high flakiness index turn into their flattest side and immerse in the
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binder. As a result, flushing or bleeding occurs in the wheel paths when flat aggregates are used
(34, 47).
The aggregate used in chip seal must be able to resist abrasion, degradation, and
polishing to remain functional for the expected life span (34). Particles may cause windshield
damage and bleeding if they degrade under traffic (33). Abrasion resistance properties of the
aggregate are measured by the Los Angeles Abrasion test (AASHTO T 96, ASTM C131), and
the newly introduced Micro-Deval test (AASHTO T 327) (47). In a study by Shuler (1991), it
was suggested that the Los Angeles Abrasion test might not provide accurate results for the
toughness properties of lightweight aggregate (51). The percentage of abrasion loss depends on
traffic level. Table 2.4 presents the specifications for aggregate abrasion loss by several states
under different traffic conditions.
Table 2.4. Requirements for L.A. Abrasion and Micro-Deval Loss (47).
Traffic Volume
(veh/day/lane)

Loss Angeles Abrasion Loss
(% max)

Micro-Deval
Loss (% max)

<500
500-1500
>1500

40
35
30

15
13
12

The ability to resist polishing is also desirable in chip seal aggregate, which is commonly
measured by the British Wheel Test (AASHTO T279, ASTM D3319). Polishing of aggregate
due to vehicular traffic leads to reduced friction and skid resistance of the chip seal (47). The test
results provide the polished stone value of the aggregate. Utah DOT recommends a limit of 31,
while a polished stone value in the range of 44 to 48 is recommended in Australia (44).
Freeze-thaw degradation and resistance to weathering is usually measured by magnesium
sulfate loss (AASHTO T104). Sodium sulfate loss (ASTM C88) is also used for freeze-thaw
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degradation and resistance to weather measurements (34). Although these performance issues are
not as common as others distresses, a maximum loss of 10% can be regarded as appropriate (47).
The absorption of binder into the cover aggregate need to be considered in chip seal
aggregate selection. Gravel is a less absorptive aggregate compared to limestone and lightweight
aggregate. However, all aggregates absorb water as well as asphalt. Absorptive aggregates
usually have a higher affinity for asphalt, which is good for adhesion between the binder and the
aggregate. Extra care needs to be taken with aggregate, which shows a lower affinity for asphalt
with respect to cleanliness and dryness of the aggregate, dry weather, and roadway surface (33).
Pre-coating of the aggregate is recommended when chip seal binder is an asphalt cement,
but it is not recommended when an asphalt emulsion is used because pre-coating prevents the
breaking of the emulsion (33). Generally, 0.8 to 2.4 gal/yd3 (4 to 12 L/m3) of pre-coating asphalt
is applied in Australia (44). Pre-coated aggregate enhances aggregate binding properties, reduces
the amount of dust in the aggregate, hasten the curing process by minimizing problems
associated with dust particles and moisture, and accelerate the construction process. Uncoated
aggregates were found to have 80% more initial aggregate loss than aggregates that were 90%
pre-coated (52). The aggregate size and absorptive properties, moisture and dust amount, and
type of pre-coating material are function of the pre-coating application rate (34).
Aggregate type and cost are important factors in selecting the cover aggregate for chip
seal. There are many types of aggregates that can be used successfully as cover materials in chip
seal project such as natural and synthetic aggregate; however, agencies typically select aggregate
based on availability and cost effectiveness (42). Granite, limestone, and natural gravels are the
most commonly used aggregate type in North America (34). Using lightweight synthetic

21

aggregate in chip seal can give a superior skid resistance ability and reduce windshield vehicular
damage. However, the availability and cost of lightweight aggregates can be an issue (34).
Embedment of aggregate into the binder is a critical issue in aggregate selection (53). The
lower limit of embedment (i.e., 50%) can make the aggregate vulnerable to dislodging by
moving vehicles whereas the upper limit (i.e., 70%) of embedment may lead to bleeding. The
percent of aggregate retention also need to be considered. A 90% aggregate retention need to be
achieved in selecting the aggregate for use (47).

EMULSIONS
Low viscosity of asphalt emulsion allows it to be used at low temperature, which in turns
reduces total energy consumption and emissions, minimizes cost, and make it more
environmentally-friendly and less hazardous than hot applied asphalt. Application of emulsions
reduces the energy consumption by half compared to hot-mix asphalt (HMA) and when used in
chip seal, it was found to be more environmentally friendly than thin hot-mix asphalt overlay
(54, 55). The primary components of emulsions include asphalt cement (40-75% in concentration
and 0.1-20 micron in droplets diameter), emulsifier (0.1-2.5%), water (25-60%) (56). Viscosity
of the emulsion depends on the percentage of asphalt cement; the higher the percentage of
asphalt cement, the higher is the viscosity (57). Emulsions can be of three types; O/W (oil in
water), W/O (water in oil), or W/O/W (water in oil, which itself contain smaller water droplets
within them) type. However, asphalt emulsions are typically O/W type of emulsions; asphalt
droplets are dispersed in an aqueous phase to produce emulsions (58).
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2.3.1. Importance of particle size
Viscosity, storage stability, and the performance of the emulsion are greatly affected by
the size of the particles and their distribution in the continuous phase; low emulsion viscosity is
observed in case of large particle size and wide-ranged distribution, whereas improved
performance is observed in case of smaller particle sizes (59, 60). Smaller particles are more
resistance against shear due to Brownian or osmotic pressure effect and decreased deformity.
The surface area of the particles varies with their sizes, and is greatly affected by the flocculation
system in the emulsion and thus determines its viscosity. The role of particle size in the phase
separation or sedimentation of the emulsion can be expressed by the following equation (61):
2𝑟 2 (𝛥𝜌)
𝜗0 =
9𝑛

(2)

where,
𝜗0 = rate of sedimentation of a single asphalt droplet;
𝑟 = droplet radius;
𝛥𝜌 = difference between the density of external and internal phases; and
𝑛 = shear viscosity.

The milling shear rate, milling time, percentages of asphalt cement, and nature of
emulsions mainly controls the particle size (62, 63). Smaller particles are produced by high shear
rate, which requires a large amount of energy. Due to large surface area, smaller particles
flocculate and coagulate faster and the surface energy increases. The free energy of the emulsion
formation is given by the following equation:
𝛥𝐺𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝛥𝐴𝛾𝑡𝑒𝑛𝑠𝑖𝑜𝑛 − 𝑇𝛥𝑆
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(3)

where,
𝛥𝐴 = change in area when asphalt droplet in emulsion breaks up;
𝛾𝑡𝑒𝑛𝑠𝑖𝑜𝑛 = interfacial tension amongst water and asphalt; and
𝑇𝛥𝑆 = entropy growth.
Emulsions become unstable when the total free energy, 𝛥𝐺𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 becomes positive
due to higher surface area of the droplets, which increases the 𝛥𝐴𝛾𝑡𝑒𝑛𝑠𝑖𝑜𝑛 value more than 𝑇𝛥𝑆.
As smaller particles have higher surface area, the lack of emulsifiers may lead to coagulation.
Emulsifier stabilizes the emulsion by reducing the surface energy of the particles and
𝛥𝐺𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 .
2.3.2. Emulsion Stability
Water presents within the asphalt droplets has strong influence over the viscosity
exhibited by the emulsion during storage (64). The types of emulsifier or surfactants used for the
stabilization of emulsion also affect its properties. As stated earlier, emulsifier or surfactants
reduces the surface free energy during the emulsification process and keeps asphalt droplets in
suspension by creating an energy barrier between the droplets and water and therefore, increases
emulsion stability by preventing coagulation. The double diffused layers created from the
absorption of emulsifiers on the surface of asphalt particles repel each other due to the same
surface charge (65, 66). The concentration of electrolytes and salts present in the continuous
phase of an emulsion also affects the stability of emulsion; lower concentration of electrolytes
and salts offer higher stability, whereas the stability of emulsion may decrease if the
concentration of salts rises above 1% by weight (58, 65).
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The pH of the soap plays an important role in terms of the stability of emulsions. Zeta
potential measures the sign and charge of the asphalt droplets and is greatly dependent on the
pH; rising of pH leads the charge of the asphalt droplets towards negative and decreases the zeta
potential value (56, 67). Emulsions stability increases with the increase in zeta potential value
(56, 67).
Rheology and emulsion stability are related to each other and the changes in rheology
over time can be used to measure the stability of the emulsion. Several researchers have studied
the effects of rheology on stability of the emulsion (68, 69). Zhai et al. evaluated the phase
changes in asphalt emulsion by observing the changes in complex loss and storage modulus and
found that the rheological properties varied with the interaction type in asphalt emulsion, i.e.,
cationic, anionic, or electrostatic (68). Legrand et al. studied the changes in viscosity of the
emulsion under a constant shear rate and in the presence of silica particles. They found that the
viscosity increased rapidly from its constant state in the presence of silica particles and constant
shear rate. They also noted that factors that influenced this rapid increase included the size and
concentration of the silica particles, size of the asphalt droplets, and the rate of shear (69).
Emulsion breakdown mechanism including creaming and sedimentation, flocculation,
coalescence, Ostwald ripening, and phase inversion affect the storage stability (63). Flocculation
is a faster process while coalescence is slower. The viscosity of asphalt and temperature at the
time of application controls the rate of coalescence; faster coalescence is observed for low
viscosity asphalt (70). Skin formation can occur due to early occurrence of coalescence (71, 72).
2.3.3. Significance of Emulsifiers
Emulsions can be cationic or anionic depending on the charge of surface-active agents
(emulsifiers), their concentration and the charge of the asphalt itself. Figure 2.2 shows that the
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emulsifier positions itself between water and asphalt interface, while the counterions impart
negative charges into water leading the asphalt droplets to be positively charged.

-

+
-

+

-

Asphalt
droplet

+
+

water

Figure 2.2. Sources of charge on emulsion (56)
Emulsifiers have a hydrophilic (water-loving) “head group,” which is either positively or
negatively charged when linked with water and controls the charge of the asphalt droplets and a
nonpolar lipophilic (oil-loving) “tail group” derived from wood resin, lignin, or natural fats,
which is neutral. Table 2.5 presents the head group of emulsifiers and their charge.
Table 2.5. Asphalt Emulsifier’s head group and their charge (56)

Oil Loving
portion

Water-loving “head” group

TallowalkylNonylphenylTall oilTallowalkylAlkylbenzene

[-NH2CH2CH2CH2NH3]2+
[–O(CH2CH2O)100H
[–COO][–N (CH3)3]+
[–SO3]-
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Charge of the
water-loving
Counterion
“Head”
group, pH2
2 Cl–
Positive
None
Neutral
Na+
Neutral
Cl–
Positive
Na+
Negative

Charge of the
water-loving
“Head”
group, pH11
Neutral
Nonionic
Negative
Positive
Negative

2.3.4. Breaking of Emulsions
In order to act as a binding material, emulsified asphalt needs to break by flocculation and
coalescence processes. The rate at which the emulsion “breaks” by separating from water,
leaving only the asphalt cement holding the aggregate is defined as the “breaking” time (33). The
speed of this curing or breaking process depends on the chemical design and emulsifier used,
reaction of the emulsion with aggregate, and several other environmental factors such as
temperature, wind speed, and humidity at the time of application (34). The aggregate must be
applied over the sprayed emulsion before the water breaks out (73). Aggregate with higher
absorption rate tends to have faster breaking time (33). When aggregate is applied over the
sprayed emulsion, its surface turns into somewhat lipophilic by absorbing some of the oppositely
charged free emulsifiers present in the emulsion. Then, flocculation of the emulsion and
coalescence process starts due to neutralization of the acids by the minerals and loss of charge on
the asphalt droplets. Finally, absorption and evaporation of water lead asphalt film to spread over
the aggregate surface.
However, aggregate should never be pre-coated when using with asphalt emulsion
because it can prevent absorption and bonding of the aggregate with the emulsion after breaking
of water (33). Emulsions having the same charge as the aggregate will not have a solid bond with
the aggregate and may lead to raveling (34).
2.3.5. Type of Emulsions
Asphalt emulsions as specified in ASTM D977 and ASTM D2397 are classified according to the
charge on the asphalt droplets and their reactivity. Emulsions with positive charges are denoted
by C (cationic) and based on their setting behavior they are denoted by CRS (cationic rapid
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setting), CMS (cationic medium setting), and CSS (cationic slow setting). Anionic emulsions
with rapid setting, medium setting, and slow setting behavior are denoted as RS, MS, and SS,
respectively. They can be further classified based on their viscosity and residue properties such
as SS-1H, where number “1” indicates low viscosity and “H” indicates hard residue. Similarly,
CRS-2, where number “2” indicates high viscosity. Cationic emulsions can break faster and set
more quickly in humid conditions, show less susceptibility to stripping, show better performance
and are more compatible with the aggregate, whereas anionic emulsions take more time to cure
and tend to work well in low humidity or warm weather conditions (33,47,49). Additionally,
letters and terms such QS (quick setting), CQS (cationic quick setting), LM (latex modified), P
(polymer modified), S (high solvent content), ERA (recycling agent emulsion), AEM (asphalt
emulsion prime), and PEP (penetrating emulsion prime) are used to indicate other types of
emulsions that are available in the market.
2.3.6. Modified Emulsions
Depending on the requirement of the project, asphalt emulsion can be modified with adhesive
agents, polymer, and solvents (34). Studies show that chip seals constructed with polymermodified emulsions such as CRS-2P show less vulnerability to temperature. In addition,
polymer-modified emulsions minimize bleeding, provide improved and faster adhesion to the
existing pavement surface, prevent early aggregate loss, and enhance its overall performance
(74,103).
Im and Kim evaluated the curing and adhesive behavior of polymer-modified emulsions in
high volume roads using the Bitumen Bond Strength (BBS) test, evaporation test, and vialit test
(75). They found that polymer modification improves the curing and adhesive characteristics of
chip seal. Kim and Lee compared the performance of a latex modified emulsion (CRS-2L) with
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an unmodified emulsion (CRS-2). Results suggest that polymer-modified emulsion improves
resistance against bleeding and enhances chip seal performance (76). Serfass et al. evaluated
SBS-modified asphalt emulsions for chip seal applications; they reported that the emulsion
shows better resistance against aging and increased cohesion when modified with SBS (77). Yet,
compared to unmodified emulsions, the cost of polymer-modified emulsions is 30% higher (76).

EMULSION TESTING
Emulsion testing needs to be conducted on both the fresh emulsion and its residue in order to
better characterize its properties. Properties such as storage stability, sprayability, and drainout
can be evaluated to measure the constructability of emulsion. The ability of an emulsion to resist
any change without significantly altering its properties is termed as its storage stability (56).
Problems associated with unstable emulsion includes difficulty in spraying/flow, distribution,
skin formation, etc. (56).
Emulsion storage stability can be measured according to the test method specified in
ASTM D 6930. Electrokinetic methods can also be used to measure emulsion stability (58).
Sprayability and drainout are the two other most important parameters for evaluating the
constructability of emulsion for chip seals. Sprayability is the ability of an emulsion to be
sprayed over the surface of the existing pavement uniformly (78). If used, highly viscous
emulsions may cause loss of aggregates, spot bleeding, and improper aggregate wetting. On the
other hand, the ability of an emulsion to resist flow under gravity can be defined as drainout.
Early aggregate loss due to insufficient embedment of aggregate is the primary problem
associated with drainout. Sprayability and drainout of emulsions can be assessed from their
viscosity. Viscosity test can give us more insight regarding the emulsion tested. Saybolt furol
second (SFS) viscometer (ASTM D 7496), paddle viscometer (ASTM D 7226), rotational
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viscometer (ASTM D 4402 and AASHTO TP 48) are some of the test methods that are available
for measuring the viscosity of emulsions. Performance Grade (PG) testing utilizes Rotational
Viscometer (RV) to evaluate the apparent viscosity of asphalt binder and emulsion residue. Tests
such as the dynamic shear rheometer (DSR) and bending beam rheometer (BBR) are also used to
evaluate the performance grade of the emulsion residue and compare them with the properties of
other binders having the same performance grade (PG). Table 2.6 and 2.7 present the standard
requirements for the emulsions CRS-2P and CRS-2TR by LaDOTD and TxDOT when tested
according to the test methods described in AASHTO and ASTM.
Table 2.6. Standard specifications for CRS-2P by LaDOTD (9)
Property

Test Procedure

Viscosity, Saybolt Furol
50°C, s
25°C, s
Storage Stability, 1 day, %
Settlement, 5-day, %
Identification test
Particle Charge
Distillation test
Residue by Distillation, % by wt.
Oil Distillate, % by volume of emulsion
Sieve Test, %
Tests on Residue from Distillation:
Penetration, 25°C, 100g, 5 sec., dmm
Solubility, %
Softening Point (Ring and Ball), °C
Ductility, 25°C, 5 cm/min, cm
Tests on Residue by evaporation:
Force Ductility Ratio, (f2/f1, 4°C, 5 cm/min, f2 at
second peak)
Elastic recovery, 10°C@ 20cm elongation, %

30

CRS-2P
Min
Max

T 59

100

T 59
T 59
T 59
T 59

-

T 59
T 59

65
-

T 49
T 44
T 53
T 51
T 51

100
97.5
38
50

200
-

T 300

0.30

-

T 301

58

-

400
1
5.0

Pass
Positive
3.0
0.1

Table 2.7. Standard specifications for CRS-2TR by TxDOT
Property

Test Procedure

Viscosity, Saybolt Furol
77°F, Sec.
122°F, Sec.
Sieve Test %
Demulsibility, 35 ml of 0.8% sodium dioctyl
sulfosuccinate, %
Storage Stability, 1 day, %
Breaking Index, g
Particle Charge
Distillation test
Residue by Distillation, % by wt.
Oil Distillate, % by volume of emulsion
Tests on Residue from Distillation:
Modifier Type
Modifier Content, wt % (solids basis)
Penetration, 77°F, 100g, 5 sec.
Viscosity, 140°F, poise
Solubility in Trichloroethylene, %
Softening Point, °F
Ductility, 77°F, 5 cm/min, cm
Ductility, 39.2°F, 5 cm/min, cm
Elastic recovery, 50°F, %
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T 72

CRS-2TR
Min
Max

T 59

150
-

500
0.1

T 59

40

-

T 59
Tex-542-C
T 59

-

1
-

T 59

65
-

T 59
T 59
T 59
T 49
T 202
T 44
T 53
T 51
T 51
Tex-539-C

Positive
3

Tire rubber
5.0
90
150
1000
98
40
-

SPECIFICATIONS FOR CHIP SEAL BINDERS AND EMULSIONS
One of the most noteworthy outcomes of the Strategic Highway Research Program (SHRP)
undertaken in 1987 was the development of a performance-based asphalt binder specification
known as the Superior Performing Asphalt Pavements (Superpave) or Performance-Graded (PG)
binder specification, which simulates field performance (79). Performance grading (PG) is used
to select binders to meet certain aging considerations and weather conditions of the chip seal
project with a certain degree of consistency (35). Binders are characterized at three different
aging temperatures (high, low and intermediate). The PG specification system was able to
eliminate the shortcomings of the previous penetration or viscosity graded specification system
including the absence of long-term aging of the binders and low temperature characterization,
inability to grade modified binders and the empirical nature of the tests. New test equipment such
as the dynamic shear rheometer and the bending beam rheometer were introduced to measure the
binder resistance against rutting, fatigue cracking, and low-temperature thermal cracking at
different climatic conditions. The Rolling thin-film oven (RTFO) and the pressure aging vessel
(PAV) were also introduced to simulate short-term aging and long-term aging in this system
(79). The tests and the limiting value remain consistent for every binder and area, but the testing
temperature varies. The temperature range in which the criteria are met is considered the
Performance Grade (PG) of that binder.
The PG system was primarily intended to be used as a selection tool for asphalt binders
and aging of the emulsion residues was not considered. Hence, using the same specification
system for chip seal binder residues raises some doubts about its ability to simulate field
performance. Consequently, the distress exhibited by chip seal, their construction method, and
exposure to environmental conditions varies from asphalt pavements.
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Table 2.8. Performance Graded Specification (AASHTO M 320)
Performance Grade

PG 58
16

Average 7-day max pavement design
temp, °C
Min pavement design temperature, °C

22

34

40

10

16

22

<58
>-16

>-22

Flash point temp, T 48, min °C
Viscosity, T 316;
max 3 Pa·s, test temp, °C
Dynamic shear, T 315;
G*/sinδ, minimum 1.00 kPa
test temp @ 10 rad/s, °C

>-28

28

PG 70
34

40

10

16

22

<64
>-34

>-40

>10

>16

>22

28

34

40

>-28

>-34

>-40

<70
>28

>34

>40

>-10

>-16

>-22

230
135
58

64

70

RTFO Aged Residue
1.00

Mass change, maximum, percent
Dynamic shear, T 315;
G*/sinδ, minimum 2.20 kPa
test temp @ 10 rad/s, °C
PAV aging temperature, °C
Dynamic shear, T 315;
G* sinδ, maximum 5000 kPa
test temp @ 10 rad/s, °C
Creep stiffness, T 313;
S, maximum 300 MPa
m-value, minimum 0.300
test temp @ 60 s, °C
Direct tension, T 314;
Failure strain, minimum 1.0%
test temp @ 1.0 mm/min, °C
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PG 64

58

64

70

RTFO+PAV aged Residue
100

100

100 (110)

25

22

19

16

13

31

28

25

22

19

16

34

31

28

25

22

19

-6

-12

-18

-24

-30

0

-6

-12

-18

-24

-30

0

-6

-12

-18

-24

-30

-6

-12

-18

-24

-30

0

-6

-12

-18

-24

-30

0

-6

-12

-18

-24

-30
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Epps et al. (2001) developed a specification system for asphalt emulsions and binders
used in chip seals named the Surface Treatment Performance Grading (SPG) system to address
the distress and conditioning differences between HMA and chip seals during construction and
service life (80). Unlike the PG system, the new system used 3°C increments in place of 6°C for
both high and low temperature grades. It eliminated the use of rolling thin film oven (RTFO) and
removed the intermediate grading temperature (80, 81). Many researchers further validated and
refined this specification based on the differences between laboratory and field performance.
Table 2.9 presents the latest SPG specification published by Texas DOT for implementation in
2017.
Table 2.9. Surface performance Grade (SPG) Specification for emulsified asphalt residues and
Hot-Poured Asphalt Cements (82)
SPG 67

SPG 73

Specification
-13
Average 7-day max pavement design
temp, °C
Minimum pavement surface design
temperature, °C
Original Binder
Flash point temperature, T 48, min °C
Viscosity, T 316; maximum 0.15 Pa·s,
test temp, °C

-19

-25

-31

-13

-19

<67
>-13

>-19

-25

-31

>-25

>-31

80

80

<73
>-25

>-31

>-13

>-19

230
205

Performance properties for original binder/emulsified asphalt residues
Dynamic shear, T 315;
G*/sinδ, minimum 0.65 kPa
test temp @ 10 rad/s, °C
Maximum Phase angle (δ), @temp.
where G*/sinδ=0.65 kPa
PAV aged residue (AASHTO R 28)
PAV aging temperature, °C
Creep stiffness, T 313;
S, max 500 MPa
test temp @8 s, °C

67
Na

80

73

80

80

80

80

100
-13

-19

100
-25

34

-31

-13

-19

-25

-31

The current SPG and PG specifications are different from each other on the following
aspects:
•

High and low temperatures are both are taken at the pavement surface for SPG
specification;

•

To remove any confusion, both high and low temperature grade in SPG
specification are offset 3°C from the grade used in PG specification;

•

Unlike PG specification, time-temperature shift is not considered in SPG
specification;

•

Use of RTFO device is eliminated and no tests are required at the intermediate
temperature;

•

m-value is dropped from the SPG specification and only the creep stiffness value
at 8s is considered;

•

A limit on phase angle is incorporated for emulsions or binders in the SPG
specification.

Adams (2014) developed a performance-related specification for chip seal surface
treatments, Table 2.10 (83). He included different limiting values of bitumen bond strength
(BBS) test results for different traffic levels at the intermediate temperature to characterize the
resistance of chip seal to early raveling, dry raveling, and wet raveling. Maximum value of nonrecoverable creep compliance, Jnr at different traffic levels were also developed to address the
response to flushing and bleeding at high temperature. Additionally, Adams proposed thermal
cracking performance parameters. However, in his study, he did not include the fresh emulsion
properties for chip seal.
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Table 2.10. Performance Related Specification for Chip seal (83)
PG 58
Performance Grade for Chip seal Binders
Average 7-day max pavement design
temp, °Ca
Minimum pavement surface design temperature,
°C

-22

-28

PG 64
-34

-40

-22

-28

-34

-40

>-28

>-34

>-40

22

19

16

22

19

16

22

19

16

-24

-30

<58
>-22

>-28

<64
>-34

>-40

>-22

Original Binder
Test method proposed for chip seal binders
Testing conditions
Resistance to Early Raveling
BBS test (TP91-11), POTS
4 hours Curing time @temp. (°C)
Minimum dry bond strength for low traffic: 200
kPa
22
19
16
13
25
Minimum dry bond strength for medium traffic:
250 kPa
Minimum dry bond strength for high traffic: 300
kPa
Resistance to Dry Raveling
BBS test (TP91-11);
21 hours dry Curing time @temp. (°C)
Minimum dry bond strength for low traffic: 400
kPa
22
19
16
13
25
Minimum dry bond strength for medium traffic:
600 kPa
Minimum dry bond strength for high traffic: 800
kPa
Resistance to Wet Raveling
BBS test (TP91-11);
4 hours dry and 16 hours wet Curing time; wet
curing @40°C, test @temp. (°C)
Minimum wet bond strength for low traffic: 4200
22
19
16
13
25
kPa
Minimum dry bond strength for medium traffic:
325 kPa
Minimum dry bond strength for high traffic: 450
kPa
Tests on residue recovered by ASTM D7497- Method B
Resistance to Flushing and Bleeding
Measured response: non-recoverable creep
compliance, Jnr @ Testing temperature, °C;
MSCR (AASHTO TP70)
58
Maximum Jnr @3.2 kPa, 8 kPa−1 (low traffic)
Maximum Jnr @3.2 kPa, 5.25 kPa−1 (medium
traffic)
Maximum Jnr @3.2 kPa, 3.25 kPa−1 (high traffic)
Tests on PAV aged
residue
Thermal Cracking
S (60) and m (60) estimated from DSR frequency
Sweep test@°C
-12
-18
-24
-30
-12
Maximum S (60) =300Mpa; Minimum m (60)
=0.300

36

64

-18

The emulsion properties are very critical for chip seal performance. According to a
survey conducted by Johnston and King, most of the pavement practitioners urged the necessity
of having a performance-related grading system for asphalt emulsions used in chip seals (84). To
eliminate the risk of premature pavement failure and selecting an emulsion product in chip seal
project, which does not perform adequately in the field, Adams et al. (2017) proposed a new
specification named “Emulsion performance-grade (EPG) specification” solely for the emulsion
used in chip seal surface treatment (85). The proposed specification system is presented in Table
2.11.
Table 2.11. EPG Specifications for Chip Seals (85)
EPG 67

EPG 73

Specification
-13
Average 7-day max pavement design
temp, °C
Minimum pavement surface design
temperature, °C

-19

-25

-31

-13

-19

<67
>-13

>-19

-31

>-25

>-31

45

42

<73
>-25

>-31

>-13

>-19

Recovered residue by AASHTO R 78 Method B
Resistance to rutting and bleeding
Testing temperature, °C;
Measured response: non-recoverable
creep compliance, Jnr
MSCR, AASHTO T 350
Maximum Jnr @3.2 kPa, 8 kPa−1 (low
67
traffic)
Maximum Jnr @3.2 kPa, 5.5 kPa−1
(medium traffic)
Maximum Jnr @3.2 kPa, 3.5 kPa−1 (high
traffic)
Resistance to low temperature raveling
5°C and 15°C
DSR temperature frequency sweep
Critical phase angle, δc (°)
Measured response: |G*| at critical phase
angle, δc
Max. |G*| @ δc: 30 MPa (low traffic)
51
48
45
42
51
48
Max. |G*| @ δc: 20 MPa (medium
traffic)
Max. |G*| @ δc: 12 MPa (high traffic)

37

-25

73

EXPERIMENTAL PROGRAM
MATERIALS
As shown in Table 3.1. , the types of emulsion investigated in this study included a conventional
non-modified cationic rapid setting asphalt emulsion (CRS-2), a polymer-modified cationic rapid
setting asphalt emulsion (CRS-2P), a tire rubber modified asphalt emulsion (CRS-2TR), and an
hot applied asphalt rubber binder (AC20-5TR) used in chip seal. Cationic emulsions are less
sensitive to weather and facilitate rapid bonding with the aggregate, and therefore, are more
suitable for the climate in Louisiana than anionic emulsions.
Table 3.1. List of Materials used in this study
Sample ID
CRS-2
CRS-2P
CRS-2TR
AC20-5TR

Description
Conventional cationic rapid setting asphalt emulsion
with no polymer
Polymer-modified asphalt emulsion
Tire rubber modified asphalt emulsion
Tire rubber modified asphalt binder

PRODUCTION PROCESS OF TIRE RUBBER MODIFIED ASPHALT EMULSION
To produce functioning crumb rubber, scrapped recycled tires are collected and ground to minus
30-mesh size and screened to remove any metal and fibers debris. The production of CRS-2TR
starts with manufacturing a tire rubber modified asphalt cement (TRMAC) with a crumb rubber
concentration level of 25%. A base asphalt cement is mixed with the ground (either by cryogenic
or ambient process) crumb rubber particles by utilizing an absorption process under specific
pressure, time, temperature (approximately 260°C), and agitation conditions. The agitation
process is continued until all the crumb rubber particles become fully digested and dispersed into
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the asphalt cement. A solubility test is run to check the solubility level of the dispersed tire
rubber modified asphalt cement and to assess if the product can be used for further processing. If
the produced binder passes the solubility test, it is added with additional base asphalt cement to
dilute and to adjust the concentration of crumb rubber to 5% and to create a tire rubber emulsion
base. Afterward, the tire rubber emulsion base (TREB) is emulsified using water and emulsifiers
to create the tire rubber modified cationic rapid set emulsion (CRS-2TR). Typical application
temperature for CRS-2TR ranges between 60° and 70°C in the field. It is worth noting that the
asphalt rubber (AC20-5TR) is produced by modifying the 5% concentration asphalt base with
SBS co-block polymer, hence making it suitable to sustain high traffic volume.

VISCOSITY AND RESIDUAL TESTS OF EMULSIFIED ASPHALTS
The viscosity of the emulsified asphalts in terms of flow times and the minimum residue
compliance for each emulsion product were measured following the procedures prescribed in
AASHRO T 59. Percentage of residual content and oil distillate were obtained using a
distillation test and the viscosity was obtained using a standard Saybolt furol viscometer test,
Figure 3.1. Saybolt furol viscometer flow times are calculated by allowing preheated emulsions
to pass through a Saybolt orifice. All three emulsions were preheated in a water bath at 50°C
before allowing them to flow. A flow time of 100-400 is specified to ensure the constructability
of the emulsions.
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(a)

(b)

Figure 3.1. (a) Distillation test (b) Saybolt Furol Viscosity test

RESIDUE RECOVERY OF THE EMULSIONS AND AGING
A low-temperature evaporative method described in AASHTO PP 72 (Method A) was used to
recover the asphalt residue from the emulsions. This procedure requires the emulsion sample to
be placed and spread over a silicone mat to create a film thickness of 2 mm. The sample was then
placed in an oven and was subjected to curing for 24 h at 25°C and another 24 h at 60°C in order
to remove the water present in the emulsion. After recovering the residue, the sample was
collected in a quart can and placed into an oven at 135°C for an adequate amount of to render it
liquid enough to pour into small tins for further testing. In order to simulate the short-term and
long-term aging, all the samples were aged in accordance with AASHTO R28 using the Rolling
Thin Film Oven (RTFO) and Pressure Aging Vessel (PAV) devices.
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TEST METHODS
3.5.1. Performance Grade and Surface Performance Grade Test
The viscous and elastic behaviors of emulsion residues and binder at intermediate to high
temperatures were characterized by conducting the Dynamic Shear Rheometer (DSR) test
according to AASHTO T 315. DSR test was conducted on both unaged, RTFO-aged, and PAVaged samples to evaluate the rutting and fatigue resistance of the binder residues, Figure 3.2.
Binder’s resistance to rutting or permanent deformation and fatigue cracking is related to G*/ sin
δ and G*sin δ, respectively, where G* is the complex modulus of the binders and δ is the time
lag between the applied stress and the resulting strain. Low temperature performance was
characterized by the Bending Beam Rheometer (BBR) test according to AASHTO T 313 (See
Figure 3.3). Creep stiffness, S(t) and the m-value as measured from the BBR test were the
performance parameters of interest at low temperature. Finally, the Performance Grade (PG) for
the binders was obtained following the specification provided in AASHTO M 320.

(a)

(b)

Figure 3.2. Dynamic Shear Rheometer (DSR) test; (a) Sample trimming (b) DSR machine
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(a)

(b)

Figure 3.3. Bending Beam Rheometer (BBR) test; (a) Mold preparation before testing (b) BBR
machine
Surface Performance Grade (SPG) tests were also conducted to evaluate the susceptibility
of the binders to bleeding and aggregate loss for chip seal application. SPG specification was
originally developed to account for the shortcomings of the current PG specification in
evaluating chip seal binders as it was developed only for HMA binders (80).
3.5.2. Multiple Stress Creep Recovery (MSCR) Test
Rutting and permanent deformation potential and the effect of modifications on the binder’s
resistance at high temperatures were evaluated by performing the Multiple Stress Creep
Recovery (MSCR) test. This test is conducted according to the loading scheme and number of
cycles specified by AASHTO TP 70. It uses the creep and recovery concept to evaluate the
potential for permanent deformation by subjecting a creep load for one second and letting it
recover for 9 seconds. A DSR machine is used to perform the MSCR test on an RTFO-aged
sample by subjecting the specimen to 10 repeated stress and relaxation levels at 0.1 kPa and then
at a higher stress level of 3.2 kPa. Two main parameters (percentage of recovery and non42

recoverable creep compliance (Jnr) as measured from the MSCR test) were considered in the
evaluation.
3.5.3. Fourier Transform Infrared Spectroscopy (FTIR) Test
Infrared spectroscopy provides information on the different functional groups present in the
asphalt binder. However, identifying all the functional groups present in a complex substance
such as asphalt binder and their concentration is challenging. Therefore, Fourier Transform
Infrared Spectroscopy (FTIR) was performed to quantify the growth of some of the relatively
well-known functional groups such as carbonyl (C=O) and sulfoxide (S=O) groups with aging.
Table 3.2 presents the equations used to calculate these indices (19). Aging resistance of asphalt
binders can be quantitively evaluated by observing the evolution of highly polar and oxygencontaining functional groups like carbonyl (C=O) and sulfoxide (S═O) groups. Absorption band
regions of C═O and S═O group vibrations are represented around the wave number of 1,700
cm−1 and 1,030 cm−1, respectively. The IR spectrometry was performed by using a Bruker Alpha
FTIR spectrometer, which uses a diamond single reflection attenuated total reflectance (ATR)
mode to obtain the FTIR spectra of the asphalt residue samples. A total of 64 scans per sample
and a spectral resolution of 4 cm-1 between 4000 and 600 cm-1 wavelengths were used in the data
collection. The spectra were collected and analyzed by the OPUS 7.2 software available with the
spectrometer. The relative degree of concentration changes of the different functional groups
present in the asphalt binder residues under different aging conditions were the main focus of
this study.
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Table 3.2. Definitions of FTIR-based indices (86)
Group

Functional Group

Name of Index

Equations

Equation
Number

Carbonyl Index
(IC=O)

𝐴1700
(𝐴1460 + 𝐴1375 )

(4)

Sulfoxide Index
(IS=O)

𝐴1030
(𝐴1460 + 𝐴1375 )

(5)

3.5.4. High Pressure Gel Permeation Chromatography (HP-GPC) Test
In order to study the effects of aging on the molecular distributions of the different binder
residues, HP-GPC was conducted for the original, RTFO, and PAV-aged samples using an
EcoSEC high-pressure GPC system (HLC-8320GPC) of Tosoh Corporation, equipped with an
auto injector, along with DRI and UV detectors. For the separation of the molecular components,
a set of four microstyragel columns having pore sizes of 200 Å, 75 Å (2 columns), and 30 Å
from Tosoh bioscience, was used. Pre-weighted calibration standards, Tosoh PStQuick series (B,
E, and F) containing different polystyrene standard mixtures inside each vial, were used to
calibrate the GPC columns.
The HP-GPC curves obtained from the tests were integrated and the area was normalized
to measure the molecular fractions. An error around 0.2% or less can be expected in the
measurement. The number of replicates were two for each binder residue and the average was
taken for analysis.
3.5.5. Saturates, Asphaltenes, Resins, and Aromatics (SARA) analysis
SARA analysis is used to determine the chemical compositions of asphalt binder. Asphalt binder
is considered a colloidal system of four fractions (saturates, asphaltenes, resins, and aromatics)
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distinguished by their polarity. Among the four constituents, asphaltenes and resins are
considered as polar fractions, whereas saturates and aromatics are considered as nonpolar or less
polar fractions (87). Each binder and residual asphalts were fractionated to yield asphaltenes (As)
and maltenes following ASTM Method D 3279 “Standard Test Method for n-heptane
Insolubles”. The composition of saturates (S), aromatics (Ar), and resins (R) were then obtained
from further fractionation of maltenes using an Iatroscan Hydrocarbon Analyzer, Figure 3.4.

Figure 3.4. SARA analysis using Latroscan Hydrocarbon Analyzer
Binder properties are greatly related to the composition of these fractions and its polarity
(88). Higher asphaltenes have been related to higher stiffness, aging, and brittleness (89). Due to
the formation of ketones with aging of asphalt binders, the concentration of asphaltene
component also increases; creating a stiffer structure (88). The creep stiffness modulus and the
m-value were also found to be negatively affected by the increase in asphaltene content (90).
Therefore, this study evaluated the asphaltene fraction determined from the SARA analysis to
assess the effect of aging on the asphalt binder residues. The colloidal stability of the asphalt
binders depends on the solubility of asphaltenes into maltenes and is represented by the colloidal
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index, Ic. The colloidal instability index, as proposed by Gaestel, was calculated using the
following Equation (91):
Ic =

𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑠 + 𝐴𝑠𝑝ℎ𝑎𝑙𝑡𝑒𝑛𝑒𝑠
𝑅𝑒𝑠𝑖𝑛𝑠 + 𝐴𝑟𝑜𝑚𝑎𝑡𝑖𝑐𝑠

(6)

The colloidal stability decreases with the increase in colloidal index and becomes unstable when
the index value is from 0.5-2.7 (92).
3.5.6. Bitumen Bond Strength (BBS) Test
As part of the experimental program, the moisture susceptibility of the asphalt binder residues
was characterized by conducting the BBS test. The test was performed following the procedure
described in ASTM D 4541. Originally, this pull-off test method was developed for the coating
industry using the Portable Adhesion Tester to evaluate adhesive characteristics of coatings. But
several researchers in the asphalt industry have used a modified version of this test method with
the pneumatic adhesion tensile testing instrument (PATTI) to evaluate moisture sensitivity and
adhesive characteristics of asphalt binders (93). The BBS test can differentiate the moisture
susceptibility of different asphalt binders having the same PG grade but with different chemical
characteristics (94). Figure 3.5 presents the main component of the pull-off test equipment,
which includes a pressure hose, a PATTI device, a reaction plate, a piston, and a metal pull-stub.
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Reaction
Plate

Piston
Pressure
Hose

Gasket

Pull-off Stub
Binder

Aggregate Surface
(a)

(b)

Figure 3.5. BBS test; (a) Test setup (b) Components of the piston attached to metal pull stub (95)
The BBS test measures the bond strength of the sample by applying a pulling force on the
specimen by introducing pressure over the metal stub using the piston and the reaction plate. The
following equation was used to calculate the pull-off tensile strength (POTS) of asphalt binders:

POTS =

Pb × CAgr − C
Aps

(7)

Where,
Pb = Burst pressure at failure (psi);
CAgr = contact area between gasket and the reaction plate (in.2);
C = piston constant (lb);
Aps = area of metal pull-stub (in.2).
The percentage loss of bond strength after wet conditioning can be calculated as follows:
Loss of Bond Strength =

[𝑃𝑂𝑇𝑆𝑑𝑟𝑦 −𝑃𝑂𝑇𝑆𝑤𝑒𝑡 ]
𝑃𝑂𝑇𝑆𝑑𝑟𝑦
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∗100 %

(8)

Lightweight aggregate blocks were selected as substrates and were cut into a constant thickness
and smooth surfaces for the pull-off test. Any chances of moisture and/or dust on the surfaces of
aggregate and pull-stub were eliminated by degreasing them with acetone. The plates were then
heated in an oven for an hour at 60°C to remove any absorbed moisture present on the surface of
the aggregate. The pull-stubs and asphalt binders were also heated at 60°C and 163°C,
respectively to provide a good bond between the aggregate, asphalt binders and the pull-stub.
When asphalt binder became sufficiently fluid, it was placed over an 8 mm x 2 mm circular DSR
silicone mold. The binder sample was then placed over the stub from the silicone mold and was
immediately pressed into the aggregate surface with enough force and as straight as possible.
Before testing, each dry test sample was first cured at room temperature for 24 h. For wet
conditioning, the samples were cured at 25°C for about an hour before submerging it under
distilled water for 24 h at 40°C. After that, the samples were removed from the water bath and
left at room temperature for another 1 h before conducting the test.
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RESULTS AND ANALYSIS
VISCOSITY AND RESIDUAL TEST RESULTS
Table 4.1. provides the flow times, residual percentage, and percentage of oil distillate for CRS2, CRS-2P, and CRS-2TR. All the emulsions met the requirements specified by both LaDOTD
and TxDOT. However, CRS-2, CRS-2TR both had higher flow times than CRS-2P. The lower
viscosity and lower flow times of CRS-2P emulsion could be attributed to the size of the
particles and their distribution.
Table 4.1. Characterization of the asphalt emulsions

Saybolt flow time, (s)
Residue by distillation,
%
Oil distillate, %

Method

CRS-2

CRS-2P

CRS-2TR

AASHTO T 59

222.1

166..1

218

AASHTO T 59

65

66.9

65.5

AASHTO T 59

0.5

0.5

0.8

PERFORMANCE GRADE AND SURFACE PERFORMANCE GRADE TEST
The rheological properties of the binders and emulsion residues were characterized according to
AASHTO M 320. Table 4.2 presents the measured rheological properties of CRS-2, CRS-2P,
AC20-5TR, and CRS-2TR as well as their final PG grades based on laboratory testing. The test
results indicate that AC20-5TR had higher limiting temperatures as compared to CRS-2P, CRS2TR, and CRS-2. In addition, AC20-5TR had the highest useful temperature interval (UTI)
followed by CRS-2P, CRS-2TR, and CRS-2. The useful temperature interval of the binder can
be defined as the range of high and low limiting temperatures at which a binder is expected to
perform adequately without exhibiting any kind of fatigue, permanent deformation, and thermal
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cracking failures. The UTI of AC20-5TR and CRS-2P were almost the same (88.8 and 87.8
respectively). Although CRS-2TR showed the same PG grade in the high temperature limit as
CRS-2, it is expected to perform better than CRS-2 at both high and low temperatures as it had a
higher UTI (UTI of CRS-2TR is 82.6 compared to 76.7 of CRS-2).
Comparing the permanent deformation resistance parameter, G*/sin(δ), of the binder
residues in both unaged/original and RTFO-aged conditions, AC20-5TR is expected to exhibit
better performance against permanent deformation at high temperature than the other emulsions.
In addition, BBR test results showed that CRS-2P had the higher negative temperature limiting
value followed by AC20-5TR, CRS-2TR, and CRS-2. CRS-2 exhibited the lowest m-value and
higher creep stiffness amongst all the binders and had a low temperature limit of -16°C, which
indicates higher susceptibility to thermal cracking. As previously noted, the asphalt rubber
(AC20-5TR) material is modified with 5% SBS co-block polymer, hence making it suitable to
sustain high traffic volume.
A lower creep stiffness value indicates greater resistance to thermal stress and a higher
m-value indicates greater rate of stress relaxation. Hence, it is expected that CRS-2P would
exhibit enhanced resistance to thermal cracking as compared to the other emulsions. However,
the low temperature PG grade of CRS-2TR, CRS-2P and AC20-5TR was found to be the same (24°C) and their relaxation slope, m-value, was very similar.
As shown in Table 4.2, CRS-2P showed the highest UTI in Surface Performance Grade
test followed by AC20-5TR, CRS-2TR, and CRS-2. Both CRS-2P and AC20-5TR had the same
SPG grade, whereas CRS-2TR had higher high temperature limit as compared to CRS-2.
However, both CRS-2 and CRS-2TR showed higher phase angle (δ) at the critical high
temperature, than it is required by the SPG specification (86.53° and 85.51°, respectively).
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Table 4.2. PG and SPG test results
Test

Specification Temp.

DSR G*/Sin(δ), kPa >1.0 kPa
DSR G*/Sin(δ), kPa >1.0 kPa
DSR G*/Sin(δ), kPa >1.0 kPa

CRS-2

Original
58°C
1.48
64°C
0.670
70°C
-

CRS-2P

AC20-5TR CRS-2TR

1.38
0.724

1.56
0.846

1.09
0.547

2.57
1.36

3.49
1.85

4.26
2.03
-

RTFO
DSR G*/Sin(δ), kPa >2.20 kPa
DSR G*/Sin(δ), kPa >2.20 kPa
DSR G*/Sin(δ), kPa >2.20 kPa

58°C
64°C
70°C

3.25
1.43
-

RTFO+PAV
DSR G*Sin(δ), kPa <5000 kPa
10°C
DSR G*Sin(δ), kPa <5000 kPa
13°C
DSR G*Sin(δ), kPa <5000 kPa
16°C
DSR G*Sin(δ), kPa <5000 kPa
19°C
BBR, S, MPa
<300 MPa
-12°C
BBR, S, MPa
<300 MPa
-18°C
BBR, S, MPa
<300 MPa
-24°C
BBR, m-value
>0.300
-12°C
BBR, m-value
>0.300
-18°C
BBR, m-value
>0.300
-24°C
PG Grading
Continuous PG grade
Useful temperature interval (UTI)
SPG Grading
Continuous SPG grade
Useful temperature interval (UTI)
Phase angle (δ), max at G*/Sin(δ)=0.65kPa

5990
6080
4220
6930
4540
4810
5695
3955
77
58.5
196
148
199
207
278
359
396
0.320
0.372
0.290
0.324
0.316
0.310
0.287
0.280
0.266
58-22
64-28
64-28
58-28
60.7-16.0 65.7-22.1 68.3-20.5 63.3-19.3
76.7
87.8
88.8
82.6
61-19
73-19
73-19
67-19
64.4-22.9 73.24-24.1 75.04-21.88 69.1-21.52
87.32
97.34
96.92
90.62
86.53
79.13
77.66
85.51

MULTIPLE STRESS CREEP RECOVERY (MSCR) TEST
The MSCR test was conducted at 58°C, in order to evaluate the rutting susceptibility of the
asphalt binder residues. Table 4.3 presents the percent recovery and non-recoverable creep
compliance (Jnr) as measured from the MSCR test. Non-recoverable creep compliance is linked
to the resistance of the binders to permanent deformation, bleeding, and flow. Lower Jnr indicates
higher resistance against deformation. It was observed that AC20-5TR exhibited the lowest non51

recoverable creep compliance followed by CRS-2P, CRS-2TR, and CRS-2 at 3.2 kPa stress
level, indicating improved rutting resistance compared to the other binders. However, CRS-2P
exhibited higher percent recovery than the other binders, which may be due to the delayed
elasticity of the polymer network present in the binder residue (96). This means that CRS-2P is
likely to accumulate less permanent deformation.
Table 4.3. MSCR test results for binders at 58°C
Binder Type

Temperature

CRS-2
CRS-2P
CRS-2TR
AC 20-5TR

58

% Recovery
0.1 kPa
3.2 kPa
11.476
2.208
64.800
44.889
18.562
8.580
57.84
43.391

Jnr (1/kPa)
0.1 kPa
3.2 kPa
2.210
2.630
0.3492
0.604
1.757
2.170
0.400
0.579

FOURIER TRANSFORM INFRARED SPECTROSCOPY (FT-IR) TEST
FTIR spectra of all the original binder residues investigated in a wavenumber range of 4000 cm-1
to 600 cm-1 are shown in Figure 4.1 (a). To evaluate any qualitative differences between the
binder residues, the spectra were stacked together in the same figure. As shown in Figure 4.1 (a),
binder residues had different peaks corresponding to different types of functional groups present
in the materials. AC20-5TR showed different peaks in the region around wavenumber 699cm-1,
which is the aromatic C-H bending and a characteristic peak for SBS. To better understand the
changes of different functional groups with aging, indices were calculated from the band areas
measured from valley to valley.
Qualitative differences among the binder residues spectra under different aging
conditions are presented in Figure 4.1 (b to e). Each diagram shows the FTIR spectra of the
asphalt binder residues at different aging conditions; Original, RTFO-aged, and PAV-aged. The
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indices were also calculated for the Original, RTFO and PAV-aged conditions in order to
quantitatively evaluate the effect of aging on the different binder residues (see Table 4.4). It was
observed that the functional groups such as carbonyl and sulfoxide indices varied with aging
conditions. Carbonyl and sulfoxide indices are mostly used to characterize the aging of the
binders (97). As shown in Figure 4.1, the formation of a carbonyl functional group led to the
appearance of an absorption band near the 1700 cm-1 peak.
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Figure 4.1. FTIR spectra of all the binders under unaged/original, RTFO-aged, and PAV-aged
condition; (a) All unaged binders, (b) CRS-2, (c) CRS-2P, (d) CRS-2TR, (e) AC20-5TR.

Table 4.4. Functional indices of the evaluated binders under different aging conditions.
Carbonyl Index (Ic=o)
Binder type
Original
CRS-2P
CRS-2TR
CRS-2
AC20-5TR

0.0045
0.0093
0.0000
0.0018

RTFOaged
0.0088
0.0093
0.0115
0.0045

Sulfoxide Index (Is=o)

PAV-aged

Original

0.0553
0.0383
0.0668
0.0270

0.0232
0.0295
0.0249
0.0249

RTFOaged
0.0327
0.0305
0.0376
0.0309

PAV-aged
0.0600
0.0537
0.0783
0.0621

With the gradual aging of the binder samples, the peak areas were more substantial. Therefore,
the difference in carbonyl indices between the aged and unaged binders were used to evaluate the
extent of aging. The growths of the carbonyl and sulfoxide indices of the studied binders from
Original to RTFO and from RTFO to PAV are presented in Figure 4.2. As shown in Figure 4.2,
as compared to the carbonyl index of the binders in the unaged condition, RTFO or short-term
aging did not cause significant increase in this index; whereas, PAV-aged samples showed
significant jump in the carbonyl index growth. Among the binders, CRS-2TR had the lowest
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carbonyl index increase in the RTFO-aged state as compared to CRS-2P, CRS-2, and AC205TR, indicating that CRS-2TR may be more resistant to short-term aging than other emulsions.
In PAV-aged condition, AC20-5TR shows the lowest carbonyl index growth followed by CRS2TR, CRS-2P, and CRS-2. However, both CRS-2TR and AC20-5TR yielded lower growth in the
carbonyl area than CRS-2 and CRS-2P in both RTFO-aged and PAV-aged condition, this
indicates that the absorption of crumb rubber components in the binder improved its resistance to
aging.
Although CRS-2 showed zero carbonyl index value in the original condition, the growth
of the carbonyl area in CRS-2 was the highest for both RTFO-aged and PAV-aged samples.
Greater carbonyl index and sulfoxide index growth indicates greater oxidation, where oxygen
reacts with the perhydro aromatic ring and increases the stiffness of the binders (97). Unlike the
carbonyl region, all the binders showed absorbance in the sulfoxide group band region in the
unaged condition. CRS-2TR showed the lowest sulfoxide index jump after both short-term and
long-term aging whereas CRS-2 showed the highest. Based on these results, CRS-2TR is
expected to show higher resistance to aging as compared to the other emulsions. It can also be
interpreted from the results that PAV aging or long-term aging is more critical for the carbonyl
index and sulfoxide index growth in the binders than RTFO aging.
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Figure 4.2. Growth of carbonyl and sulfoxide index for the studied binders

56

HIGH-PRESSURE GEL PERMEATION CHROMATOGRAPHY (HP-GPC) TEST
Figure 4.3 shows the molecular size distribution for the original, RTFO, and PAV-aged binder
residues obtained from the HP-GPC test results. The fractional distribution was divided into two
groups; components with higher molecular weights (greater than or equal to 3,000 Daltons) were
included into high molecular weight (HMW) fractions and components with lower molecular
weights (less than 3,000 Daltons) were included into low molecular weight (LMW) fractions. It
has been reported that these groups have significant influence on pavement performance as
increased HMW content results in increased brittleness of the binder with aging (98).
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Figure 4.3. Molecular fractional distribution for different Original, RTFO-aged, and PAV-aged
binders; (a) Original and (b) RTFO-aged binders (C) PAV aged binders
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It can be observed from the figures that with different aging conditions such as RTFO
and PAV, the LMW content in the binder residues decreased and the HMW content increased.
Therefore, it is concluded that the oxidation of the binder residues resulted in a loss of LMW.
The figures also show that, CRS-2, CRS-2P, and CRS-2TR, all exhibited almost similar HMW
content, whereas AC20-5TR exhibited the highest. Additionally, significant increase in the
HMW content with aging was observed for all binder residues. Past research studies conducted
by the authors concluded that with the increase in the content of LMW, the elongation properties
of the binder improved at intermediate and low temperatures (99).

SATURATES, ASPHALTENES, RESINS, AND AROMATICS (SARA) ANALYSIS
To evaluate the effects of incorporating crumb rubber on the different SARA components of the
binder residues, a thin film chromatography was performed using Iatroscan. Table 4.5 represents
the SARA fractional compositions for the binders in the unaged, RTFO-aged, and PAV-aged
conditions, where with aging, an increase in asphaltene and resins and a decrease in aromatics
were observed. As presented in Table 4.5, CRS-2 had the lowest percentage of asphaltene
component in the unaged/original state and AC20-5TR had the highest. This is because the
composition of carbon black and assorted fillers within the crumb rubber composition remain
insoluble in n-heptane and is counted as asphaltenes in the SARA analysis. With aging, the
percentage of asphaltene components increased in all the binders. The results show that CRS2TR and CRS-2P had the lowest asphaltene component growth in the RTFO-aged condition
(1.9% and 2%, respectively) compared to the amount of asphaltene component they had in the
unaged condition. AC20-5TR showed the highest asphaltene component growth in both RTFO
and PAV-aged conditions (3% and 5.5% respectively), indicating that AC20-5TR may lose its

58

elongation characteristics faster than the other binders. CRS-2TR also showed higher asphaltene
components growth in the PAV-aged condition compared to CRS-2 and CRS-2P.
Table 4.5. Iatroscan SARA fraction analysis and colloidal index of the asphalt binders
Binder Residue

Asphaltenes

CRS-2
CRS-2P
CRS-2TR
AC20-5TR

12.1
13.9
12.6
16.0

CRS-2
CRS-2P
CRS-2TR
AC20-5TR

14.4
15.8
14.6
19.0

CRS-2
CRS-2P
CRS-2TR
AC20-5TR

18.1
19.3
20.2
24.5

Components (%)
Resins
Aromatics
Unaged
23.6
50.7
25.5
48.2
24.3
55.3
25.5
49.3
RTFO-aged
23.1
48.2
23.4
48.6
25.7
52.1
22.9
51.0
PAV-aged
28.5
38.7
26.2
40.9
28.8
41.3
25.7
41.8

Saturates
13.5
12.4
7.8
9.2
14.4
12.2
7.5
7.0
14.8
13.6
9.8
8.1

Figure 4.4 illustrates the change in the colloidal instability of the binders under different aging
conditions. As shown in Figure 4.4, CRS-2TR had the lowest colloidal index in all aging
conditions indicating that CRS-2TR is colloidally more stable. The colloidal instability index, Ic,
showed an increasing trend with aging, as the amount of asphaltenes and saturates also increased.
However, none of the binders was colloidally unstable.
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Figure 4.4. Colloidal instability of asphalt binders with aging
Asphaltenes are the heaviest components in the SARA fractions; therefore, they can be compared
with the HMW content in the binders obtained from the HP-GPC analysis. Yet, researchers had
reported that the SARA analysis by precipitation may not yield the total amount of asphaltenes in
the binder as some associated asphaltenes remain in the resin fraction (100). Also, the changes in
the component due to aging process can be compared to the FTIR spectra associated with
asphaltene in each binder.

BITUMEN BOND STRENGTH (BBS) TEST
The BBS test was conducted with three replicates for each sample at 24h curing time and the
average value was considered as the final POTS value. Figure 4.5 presents the average pull off
tensile strength (POTS) for each binder residue under dry and wet conditions. A statistical
analysis consisting of an Analysis of Variance (ANOVA) and a Tukey’s Honest Significant
Difference (HSD) test was conducted at a 95% confidence level to assess if the differences in
performance observed were statistically significant. According to the test results, AC20-5TR had
the highest dry bond strength values and the highest wet bond strength values after moisture
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conditioning for 24h, whereas CRS-2 exhibited the lowest. The statistical analysis results also
show that the performance of CRS-2 was significantly different from AC20-5TR.
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Figure 4.5. Pull-off tensile strength test under dry and wet conditions
As shown in Figure 4.5, CRS-2TR and CRS-2P resulted in comparable POTS values in dry
conditions (408.5 psi and 388 psi, respectively). In addition, the presence of water in the asphaltaggregate matrix reduced the bond strength of the binders. As anticipated, all the binders showed
reduced POTS after wet conditioning, Figure 4.5. Compared to the initial dry bond strength of
the evaluated binders, all the binder residues lost more than 40% of their bond strength after 24 h
of moisture conditioning, except for AC20-5TR, Figure 4.6.
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Figure 4.6. Loss of bond strength expressed by ratio (POTSdry-POTSwet)/POTSdry.
However, a higher dry bond strength (POTSdry) and a higher wet strength (POTSwet) does not
necessarily mean that the binder is highly resistant to moisture damage. The ratio of (POTSdry −
POTSwet)/POTSdry is equally important. Results showed that AC20-5TR had the highest bond
strength in the dry and wet conditions and lost 33.4% of its bond strength with moisture
conditioning. In contrast, CRS-2 had the worst performance as it lost 57.8% of its bond strength
with moisture conditioning. Furthermore, the performance of CRS-2TR sample was statistically
equivalent to CRS-2P under both dry and wet conditions. The mode of failures in the BBS test
was cohesive in general for the dry conditioned samples. However, some adhesive or cohesiveadhesive failures were also observed when the binders were wet-conditioned.
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SUMMARY AND CONCLUSIONS
In this study, FTIR, HP-GPC, and SARA analysis tests were performed to evaluate the
chemical and molecular properties of a crumb rubber modified asphalt emulsion, a polymermodified asphalt emulsion, an unmodified asphalt emulsion, and one asphalt rubber binder.
Rheological and moisture sensitivity tests were also evaluated. Conclusions from the results are
summarized as follows:
•

Rheological properties investigated by DSR and BBR test revealed that AC20-5TR had the
highest useful temperature interval (UTI) value of 88.8 followed by CRS-2P (87.8), CRS2TR (82.4), and CRS-2 (76.7). Comparing the permanent deformation parameter (G*/sinδ),
fatigue resistance parameter (G*sinδ), creep stiffness and m-value as measured from the PG
grading test, CRS-2TR is likely to perform better than CRS-2 at both high and low
temperature conditions.

•

AC20-5TR and CRS-2P both exhibited lower non-recoverable creep compliance and higher
percent recovery than CRS-2TR, and CRS-2 at higher stress level, indicating improved
rutting resistance compared to others. MSCR test results also disclosed that, CRS-2TR is
more likely to perform better in terms of rutting resistance than CRS-2.

•

FTIR results showed that CRS-2TR and AC20-5TR both had the lowest carbonyl index (Ic=o)
growth in RTFO-aged and PAV-aged conditions indicating that the addition of crumb rubber
improved the binder’s resistance to aging. Overall from the results, CRS-2TR is expected to
perform better against aging related distresses as compared to other conventional emulsions.

•

Tire rubber modified emulsion and binder exhibited similar HMW content as conventional
emulsions. Furthermore, the HMW content increased noticeably with aging for all binder
residues.
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•

In all aging conditions, CRS-2TR had the lowest colloidal index, indicating that CRS-2TR
has a more colloidally stable structure.

•

Moisture susceptibility characterization by BBS test indicates that AC20-5TR had the highest
dry bond strength values and highest wet bond strength values after wet conditioning
whereas CRS-2 exhibited the lowest. Furthermore, CRS-2TR and CRS-2P both yielded
statistically equivalent pull off tensile strength in wet and dry conditions.

Based on the results of this study, crumb rubber modified asphalt emulsions are expected
to provide acceptable performance in the field with superior performance against aging and
oxidation. While hot-applied asphalt rubber showed superior rheological and bond strength
capabilities, the application of this material at an elevated temperature of 160-170°C is a safety
concern for many states; this limits its use in states such as Louisiana and Mississippi. Therefore,
the use of a newly introduced tire rubber modified asphalt emulsion may be considered as a
promising alternative since it is installed at the same temperature of a standard emulsion, which
is typically between 60 and 71°C. Field evaluation of this emulsion is underway as compared to
conventional asphalt emulsions.
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RECOMMENDATIONS
The following course of actions can be recommended for future studies based on the results and
findings obtained from the rheological, chemical, and molecular characterization of the crumb
rubber modified asphalt emulsion:
•

Extending the study to check the compatibility of this crumb rubber modified emulsion
with different type of aggregates used in chip seals.

•

Investigation of the laboratory performance of this newly introduced asphalt emulsion
against common chip seal distresses.

•

Field trials of chip seals constructed with crumb rubber modified asphalt emulsion.

•

Developing guidelines and criteria for the use of crumb rubber modified emulsion in chip
seal.

•

Short-term field performance and cost-benefit analysis of this new class of asphalt
surface treatment needs to be evaluated to facilitate implementation in pavement
preservation activities.
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